Split-Band Interferometry (SBInSAR) requires the presence of reliable frequency-persistent scatterers within the studied scene. However, the physical nature of such reflectors is still poorly known. In this work, we perform a temporal analysis over the region of the Virunga Volcanic Province (Democratic Republic of Congo -DRC) and we show that frequency-persistent scatterers are not necessarily stable over time. We study and quantify the effect of the range resolution loss due to the bandwidth degradation in the SBInSAR process. Finally, radiometric information and spectral coherence are used to show that frequency-persistent scatterers cannot be associated to a specific scattering mechanism.
INTRODUCTION
Over the years, Split-Band Interferometry (SBInSAR) [1] , also known as Multichromatic Analysis, has gained interest in the SAR community. This technique consists in processing both images of an interferometric pair at subrange bandwidth to produce several subrange interferograms with slightly shifted central frequencies. For pixels with a stable phase behaviour through subrange interferograms, that is frequencypersistent scatterers (PS f ), the pointwise phase estimation evolves linearly with the central frequency through the stack of subrange interferograms. The slope of this linear trend being proportional to the range difference between master and slave acquisitions, it is possible to compute a split-band phase that corresponds to the absolute phase difference. As a consequence, SBInSAR can potentially be used to perform absolute and spatially independent phase unwrapping [2] , to generate DEMs [3] , to measure ground deformations [4] , or to compensate for the ionospheric phase delay [5, 6] . Similarly, the band-splitting technique can be applied to a single This work was undertaken in the framework of the MUZUBI project and the authors thank the Belgian Science Policy for funding (contract SR/00/324). image to study scattering mechanisms [7] , for coregistration [8] or for target detection [9] .
At this point, SBInSAR has not turned operational yet. The major limitation of the technique lies in the need of reliable frequency-persistent scatterers within the scene of interest, while we do not know exactly what is a PS f . What is the physical nature of PS f ? Are PS f also persistent in time ?
In this paper, we offer some clues to physically characterize these frequency-persistent scatterers. In a first time, we undertake a temporal analysis of the frequency-persistent scatterers, in order to determine if they are permanent in time or not. In a second time, we investigate their intensity and spectral properties to obtain further insight about their scattering mechanisms.
DATA SET AND PROCESSING PARAMETERS
We use five SAR TerraSAR-X stripmap scenes acquired over the Virunga Volcanic Province (DRC) between April and July, 2008. These images are all acquired along ascending orbits, with an incidence angle of about 26 , an horizontal co-polarization (HH) and a 150 MHz range bandwidth. With these five scenes, we make four interferometric pairs using the image acquired on July, 3 rd as the common master. This ensures that all the interferograms are computed on the same spatial frame and grid, and provides a temporal reference for all pairs. Only contributions of the slave images vary. Details about the interferometric pairs are shown in Table 1 . The test site, which is mostly a densely vegetated area, includes Nyiragongo volcano and part of Nyamuragira lava field, as well as the urban area of Goma.
A spectral decomposition into 5 nonoverlapping subbands of 30 MHz is applied to each pair. The population of PS f within each pair is selected based on standard deviation of the slope of the linear regression. As explained in [2] , this detection criterion is directly related to the accuracy of the split-band phase.
TEMPORAL ANALYSIS
In order to determine whether or not frequency-persistent scatterers are stable in time domain, we compare the PS f populations selected for the four pairs given in Table 1 and we search for PS f identified in more than one pair. To be persistent in time, a PS f must be detected in the four pairs. However, as it can be observed in Figure 1 , most of the PS f are selected in one pair only. Similar results are obtained when using another detection criterion to select PS f populations (e.g. phase variance stability, multifrequency phase error). Only 2% of the selected PS f are identified in the four pairs. Let us refer to this population as persistent PS f . Looking at the location of the persistent PS f , we observe that they are usually located in the urban area or the recent, thus bare, lava flows. These locations correspond to highly coherent regions, stable over time and usually considered for SAR interferometry. However, urban areas are usually associated to double bounce scattering while we have distributed scattering mechanisms over lava flows. This first approach let us think that a minority of PS f actually persist over time, and that PS f may arise from different scattering types.
EFFECT OF THE LOSS OF RESOLUTION
While analyzing the stability of the PS f , it is important to take into account the effect of the resolution loss. Indeed, during SBInSAR processing, the resolution of the interferometric products in range dimension is degraded due to the decrease of the bandwidth. If this resolution loss becomes too important, we may measure speckle noise instead of signal. Some PS f would be overcome by noise and remain undetectable. It is hence necessary to quantify the effect of this resolution loss. For this purpose, we propose to use a correlated to decorrelated ratio (CDR) that is large when the signal information is preserved and small when the effect of the speckle becomes important. In [10] , Zebker and Villasenor derived an expression of the coherence depending on the SNR. Based on a similar calculation and neglecting the noise component, it is possible to link the coherence to a ratio Finally, this equation can be related to the expression of the spatial decorrelation effect and CDR can be approximated by:
where is the wavelength, R 0 the range, ✓ the incidence angle, c the speed of light, B ? the perpendicular baseline and B r the subband range bandwidth. We note that small baselines and large incidence angles should be preferred to mitigate the effect of the resolution loss. Values of the CDR are given for each pair in Table 1 . In our data set, the incidence angle is constant but the baseline varies from one pair to the other. We observe that the number of selected PS f decreases linearly when the baseline increases (Figure 2 ). Since the CDR is inversely proportional to the baseline, we also observe a corresponding decrease of the fraction of selected PS f with the CDR. The behaviour of the fraction of detected PS f with respect to the baseline and the CDR shows that, due the resolution loss, PS f can be missed by the detection criterion.
Regarding the temporal analysis, the loss of resolution could partly explain the small fraction of PS f observed in all pairs. Indeed, the pair 03/07/2008-28/04/2008 has a small CDR of about 9 and a ten times smaller PS f population than the largest one. For the other pairs, the number of selected PS f is about 35% or 55% of the largest population, which is approximately 64000 PS f . However, the number of PS f present in 3 pairs is lower than 5000, which is only 8% of the largest population and this low number of multiple detections cannot be completely explained by PS f undetected because of the loss of the resolution.
INTENSITY
Further information about the nature of frequency-persistent scatterers can be obtained when looking at their intensity. For this purpose, we consider the calibrated intensity of the scene on July, 3rd . The distribution of the sigma-nought image is computed for the whole scene and for persistent PS f ( Figure  3 ). For the whole image, the distribution of 0 peaks around -7 dB, while for persistent PS f we observe a similar peak with a lower one at a higher value of 10 dB. This bimodal distribution shows two types of population in the PS f : the higher peak probably corresponds to distributed scatterers which are the main scattering type in the region and the lower one to single point scatterers.
SPECTRAL COHERENCE
It can also be interesting to check if frequency-persistent scatterers, which are stable regarding the phase information between two images, are also frequency-coherent pixels, i.e. pixels stable in the spectral domain of a single image. Besides, spectral coherence also gives information about scattering distribution and processes. For two nonoverlapping subbands, spectral coherence should theoretically fall to zero for a surface distribution of random scatterers. When considering for example volume effects or dihedral scattering, the assumption about the distribution is violated and spectral coherence increases.
Let us consider the spectral coherence [7] averaged over all subbands combinations, for the July, 3 rd image on the one hand, and for the June, 22 nd image on the other hand. These images make the pair with the best CDR. Spectral coherence is computed based on a spectral decomposition into 9 nonoverlapping subbands of 16.66 MHz, that gives a better contrast than the previous splitting into 5 subbands. As done previously for the intensity, we compute the distribution of the spectral coherence values for the whole scenes and for the persistent PS f population (Figure 4) . We observe similar shapes of the distributions for both images, with a shift of about 0.1. Similarly to the intensity case, we have a bimodal distribution for the persistent PS f which indicates the presence of two types of scattering processes. The lower-value peak corresponds to random scattering processes, i.e. distributed scatterers. Higher values of the spectral coherence are mostly due to dihedral scattering on buildings over the urban area of Goma. As a consequence, we can state that the spectral stability in SBInSAR does not necessarily imply high spectral coherence of a target in a single image.
CONCLUSION
We studied the temporal behaviour of frequency-persistent scatterers in split-band interferometry. For this purpose, we considered the area of the Virunga Volcanic Province (DRC), which is a mix of urban, vegetated and volcanic covers. First, we showed that a minority of PS f are persistent in time. For this reason, the choice of their name might be ill-advised. A more appropriate naming could be frequency-stable scatterers. We also proposed an approach to estimate the effect of the loss of resolution due the bandwidth degradation during the SBInSAR process. Based on radiometric information and spectral coherence, we also demonstrated that PS f do not seem to be related to a particular type of scattering mechanism. Two types of populations emerge from our analysis: one linked to distributed scattering, mainly over the lava flows, and the other linked to single point scatterers, like buildings or similar structures that are less numerous in this area. Since a distribution of scatterers can be a PS f , it would be indicated to talk of pixels rather than scatterers. Finally, we showed the spectral stability of a target in a single image is not a necessary condition to have the stability of this target in split-band interferometry.
